We investigate the relation between the optical extinction (A V ) and the hydrogen column density (N H ) determined from X-ray observations of a large sample of Galactic sightlines toward 35 supernova remnants, 6 planetary nebulae, and 70 X-ray binaries for which N H was determined in the literature with solar abundances. We derive an average ratio of N H /A V = (2.08 ± 0.02) × 10 21 H cm −2 mag −1 for the whole Galaxy. We find no correlation between N H /A V and the number density of hydrogen, the distance away from the Galactic centre, and the distance above or below the Galactic plane. The N H /A V ratio is generally invariant across the Galaxy, with
INTRODUCTION
Interstellar extinction results from the absorption and scattering of starlight by interstellar dust grains. The knowledge of the interstellar extinction (A λ ) at wavelength λ per hydrogen column (NH), particularly in the ultraviolet (UV), visible, and near infrared, is crucial for correcting for the interstellar obscuration and restoring the true luminosity of astronomical objects, and for determining the dust-to-gas mass ratio and the photoelectric heating rates of interstellar gas. So far, the commonly adopted hydrogento-extinction ratio is that of Bohlin et al. (1978) , NH/E(B − V ) = 5.8 × 10 21 H cm −2 mag −1 , where E(B − V ) ≡ AB − AV , the colour excess, is the difference between the B band extinction (AB) and the V band extinction (AV ). The colour excess E(B−V ) ⋆ E-mail: tww@bao.ac.cn relates to AV through RV ≡ AV /E(B − V ), the total-to-selective extinction ratio. Bohlin et al. (1978) derived the hydrogen-to-extinction ratio from a sample of 100 stars with E(B − V ) up to ∼ 0.5 mag based on the ultraviolet (UV) absorption spectra of HI and H2 observed by the Copernicus satellite. With RV ≈ 3.1 for the Milky Way (MW) diffuse interstellar medium (ISM; Whittet 2003), the Bohlin et al. (1978) hydrogen-to-extinction ratio becomes NH/AV ≈ 1.87 × 10 21 H cm −2 mag −1 . Similarly, as summarized in Table 1 , Jenkins & Savage (1974) , Whittet (1981) , Diplas & Savage (1994) , and Rachford et al. (2009) derived the hydrogen-to-extinction ratio from the UV absorption spectra of HI and H2 measured by the Orbiting Astronomical Observatory 2 (OAO-2; Jenkins & Savage 1974), the Copernicus satellite (Whittet 1981) , the International Ultraviolet Explorer (IUE; Diplas & Savage 1994) , and the Far Ultraviolet Space Explorer (FUSE; Rachford et al. 2009 ). The NH/AV ratios have also been derived by Sturch (1969) , Knapp & Diplas & Savage (1994) IUE observations of stars with E(B − V ) < ∼ 0.6 mag HI+H 2 1.9 12 Whittet (1981) Copernicus observations of stars with E(B − V ) < ∼ 0.6 mag HI+H 2 1.87 75 Bohlin et al. (1978) Copernicus observation of stars with E(B − V ) < ∼ 0.5 mag HI+H 2 2.0 95 Jenkins & Savage (1974) OAO-2 observations of stars with E(B − V ) < ∼ 0.4 mag Heiles (1976) stars and globular clusters with E(B − V ) < ∼ 0.6 mag HI 1.6 81 Knapp & Kerr (1974) Kerr (1974) , Heiles (1976) , Liszt (2014) , and Chen et al. (2015) based on the column densities of hydrogen measured by CO and the 21 cm emission of HI. While the aforementioned studies directly measured the column densities of HI and H2 (see Table 2 ), an alternative way of determining NH is to measure the X-ray absorption spectra of heavy elements such as O, Mg, Si and Fe. One derives the column densities of these heavy elements from the measured X-ray spectra and then converts to NH by assuming an interstellar reference abundance standard which specifies the relative abundances of these heavy elements (i.e., O/H, Mg/H, Si/H, and Fe/H). This method take ionized, neutral and molecular hydrogen into consideration and has been applied to measure NH toward supernova remnants (SNRs), X-ray binaries (XBs), star-forming (SF) regions, and extended sources (see Table 3 ).
However, the NH/AV ratios derived from the X-ray absorption data involves the unknown interstellar abundance X/H (where X = O, Mg, Si, Fe ...), often expressed in units of ppm (i.e., parts per million). One often assumes the interstellar elemental abundance to be solar. However, the solar abundances of the key heavy elements such C, O, N, S, Mg, Si, and Fe reported in the literature have undergone substantial changes over the past four decades (see Li 2005 , Asplund et al. 2009 ). Also, there are arguments that the interstellar abundances could be better represented by those of B stars (because of their young ages) which are just ∼ 60-70% of the widely adopted solar values ("subsolar"; see Snow & Witt 1995 , 1996 , Sofia & Meyer 2001 . As shown in Table 3 , from the same set of X-ray data one would derive a much higher (by > 30%) NH/AV ratio if one adopts the reference abundance of Wilms et al. (2000; hereafter W00) for O and Fe instead of that of Anders & Grevesse (1989; hereafter AG89) . Also, these previous studies suffer from small sample sizes and/or limited space distributions of the sample sources. To reduce the above-mentioned limitation and to obtain a more reliable NH/AV ratio, in this work we carefully compile NH and AV from the literature by separating those with NH derived from solar abundances (AG89) from those with NH derived from subsolar abundances (W00). We finally arrive at a sample of 35 SNRs, 6 planetary nebulae (PNe), 70 XBs for which NH was derived with solar abundances (AG89) and 19 SNRs, 29 XBs for which NH was derived with subsolar abundances (W00). We present our sample in §2 and derive a renewed mean NH/AV ratio in §3. Also in §3 we estimate the gas-to-dust mass ratio and explore the spatial variation of NH/AV and the gas distribution in the Galaxy. The major results are summarized in §4.
COMPILATION OF AV AND NH

AV
If a group of lines are from the transitions with the same upper level, their intensity ratios would only depend on the transition probabilities. Thus they can be employed to calculate the extinction toward extended objects, e.g., SNRs and PNe. The frequently used line ratios include Hα(6563Å)/Hβ(4861Å), known as the Balmer decrement (e.g., SNR G67.7+1.8, Mavromatakis Object Gl Oliva et al. 1989 ). However, caution needs to be taken when applying the Balmer decrement method to very young SNRs, because their intrinsic Hα/Hβ ratios may be different from the canonical ratios used for nebulae under the "Case B" condition, in which the nebula is always optical thin except for Lymanline photons (e.g., Tycho, Ghavamian et al. 2000) . Other methods to estimate the extinction of SNRs include the use of existing extinction maps (e.g., SNR G119.5+10.2, Mavromatakis et al. 2000) , and the association of the targets with extinction-known objects (e.g., SNR G260. 4-3.4, Gorenstein 1975 ).
For XBs, four methods are usually adopted to estimate their extinction: (1) the relation between the colour excess or reddening E(B − V ) and the widths of the diffuse interstellar bands or Na doublet lines (e.g., 4U0614+091, Nelemans et al. 2004 ); (2) the colour-magnitude diagram for those in star clusters (e.g., 4U 1820-30 in NGC 6624, Valenti et al. 2004 ); (3) a comparison of the observed colour with the intrinsic colour derived from the stellar spectral type (e.g., 4U1908+005, Thorstensen et al. 1978) ; and (4) fitting the observed, reddened UV spectrum of a source (e.g., 2S 0620-003) to determine the excess extinction at 2175Å (∆A bump ) and assuming a constant ∆A bump /AV ratio.
For each source in our sample we estimate its AV or E(B − V ) 1 following these rules: (1) if a source has more than one measure of AV or E(B − V ), an error-weighted value will be adopted; (2) if a source has more than two measures of AV or E(B − V ) and one measure differs from the others by > ∼ 30% or 3σ, this measure will be rejected; (3) if there is no error estimation for the AV or E(B − V ) measure, we will assign an uncertainty of ∼ 13% which is obtained by averaging over those sources for which the uncertainties on AV or E(B − V ) are known (see Column 13 in Table 7 ).
The X-ray absorption factor is usually expressed as
where σ eff (E) represents the effective absorption cross section taking into account the composition of interstellar medium. Apparently, the interstellar X-ray absorption is affected by both NH and σ eff (E). To be self-consistent, it is necessary to seek NH from the literature using similar heavy element abundances (e.g., O, Ne, Fe, Mg, Si). As mentioned earlier, different abundance selection (e.g., AG89 vs W00) may lead to a difference of > 30% for the derived NH (Foight et al. 2016) . In this study, we will consider the hydrogen column densities derived either from solar abundances (AG89) or subsolar abundances (W00). If there is no mention in the literature about the abundance setting for the software XSPEC, we will assume that the AG89 abundance was used because it is the default setting at least back to XSPEC version 8. We take the following approach for adopting NH: (1) if a source has more than one measure of NH, an error-weighted value will be adopted; (2) if there are more than one measure of NH and these measures all differ from each other by > ∼ 30% or 3σ, the one derived from the data with a higher quality at energy E < ∼ 2 keV will be selected because this energy range is more sensitive to Xray absorption; this means that those derived from Chandra, XMMNewton and Suzaku have a higher priority than those from ROSAT, RXTE and other telescopes; (3) if there are two or three measures of NH for the same source and they are all derived from Chandra, XMM-Newton or Suzaku, we will take the error-weighted value without considering their differences; (4) if there is no error estimation for a NH measure, we will adopt an uncertainty of ∼ 9% for AG89 or ∼ 8% for W00 which are obtained by averaging over those sources for which the uncertainties on NH are known (see Columns 5, 9 in Table 7 ); (5) for SNRs which are extended sources of which AV and NH are known for a range of regions, we make sure that the adopted AV and NH are from the same region, if possible. Note that for XBs, some of them are dipper sources and have intrinsic local absorptions. We try to avoid these local absorptions by taking the following procedure: (1) for low mass X-ray binaries (LMXBs), we examine the catalog of Liu et al. (2006) to see whether they are dipper sources or not; if yes, we will exclude them from our sample except those for which NH was derived from the spectral fitting and no dipper shows up in the spectra or the interstellar NH and local NH are considered separately during the fitting (e.g., using the partial covering model); (2) for high mass X-ray binaries (HMXBs), we examine them one by one through the literature to see whether the interstellar NH and local NH are considered separately and whether the interstellar NH varies during different phases and states to avoid the influence of local absorptions. With these selection procedures, seven XBs (4U 0115+63, HD 259440, IGR J11215-5952, IGR J18450-0435, IGR J2000.6+3210, IGR J21343+4738, and LS 992) are exclused due to the possible presence of local absorptions. For three XBs (GRO J2058+42, GS 0834-43, and ALS 19596), we find no evidence for or against the presence of considerable amounts of local absorption. As their NH/AV ratios are not much larger than those previously published, we decide to keep them in our sample. We also note that, although SNRs are treated as having little or no intrinsic absorption, some of them may actually have considerable local dust emission (e.g., Cas A [Dunne et al. 2009] ).
In Table 4 , we present the finally adopted data. For each source we also list the NH value determined from the HI 21 cm observa- tion toward their lines of sight. One can find all the compiled NH and AV for each sources in Appendix.
RESULTS AND DISCUSSION
As the AG89 sample (i.e., those sources for which NH was derived from solar abundances) is nearly three times larger than the W00 sample (i.e., those sources for which NH was derived from subsolar abundances), the former sample allows us not only to determine NH/AV but also to investigate the variation of NH/AV and the distribution of interstellar gas in our Galaxy. Therefore, in this section, we will first focus on the AG89 sample in §3.1- §3.4. We will consider the W00 sample in §3.5. The possible caveats of our study will be discussed in §3.6.
The mean NH-AV relation
Figure 1 plots NH against AV for all calibration points with abundance of AG89. We fit a linear relationship to the data using the MPFITXY routine (Williams, Bureau & Cappellari 2010) of the MPFIT package (Markwardt 2009) :
where the errors represent a 1σ statistical uncertainty. The black solid lines in Figure 1 shows the best-fit result. To assess the influence of possible intrinsic absorption in our sample, we add a zero point offset to equation (2) and we then obtain a slightly steeper relation as shown as the red dashed line in Figure 1 .
Since the zero point offset in equation (4) is much smaller than the column density of most of our calibration points, it indicates that our sample is not affected significantly by the possible intrinsic absorption. We also explore whether different kinds of calibrator affect the derived NH-AV relation. To this end, we fit the data of SNRs and XBs separately and obtain
for SNRs, and
for XBs. Surprisingly, they are inconsistent with each other and The Galactic N H -A V Relation 9 the mean NH/AV ratio derived from SNRs is larger by ∼ 20% than that from XBs. To find what causes this difference, we show the NH-AV relations in Figure 2 for SNRs and XBs, separately. Apparently, those three SNRs (G54.1+0.3, G85.9-0.6, and G132.7+3.1) which lie well above the best-fit line (see Figure 2 , right panel) lead to an overestimation of NH/AV . Indeed, for G54.1+0.3, Kim et al. (2013) estimated AV ∼ 7.3±0.1 mag based on the extinction toward several stars associated with the SNR, while the extinction toward the majority of the stars is in the range from ∼ 6.9 to ∼ 7.5 mag and for one star AV is as high as ∼ 7.8 mag (see their Table 3 ). Also, Koo et al. (2008) derived an extinction of 8.0±0.7 mag. Therefore, an uncertainty of 0.1 mag may have been underestimated. For G85.9-0.6, Gök et al. (2009) obtained AV =0.47±0.05 mag, 1.18±0.12 mag, and 1.40±0.14 mag at three positions which are not fully overlapped with the X-ray bright region. Therefore, the error-weighted AV and the associated uncertainty that we used may be not a good estimation for the Xray bright region. For G132.7+3.1, the optical spectroscopy was taken at the western filaments . However, only its central and northern regions are bright at X-ray. While the size of G132.7+3.1 is about 80 ′ , the space separation between the optical and the X-ray observations could be larger than 0.5 o . Taking these concerns into consideration, we decide to exclude these three SNRs. We then obtain
for the whole AG89 sample. We present the best-fit lines in Figure 3. Table 5 summarizes the above results. Our results on the NH/AV ratio with AG89 abundance are compatible with those previously obtained from X-ray data with the same abundance.
A constant NH/AV ratio across the Galaxy?
Watson (2011) compared the HI column density with the extinction with data from the LAB HI survey (Kalberla et al. 2005 ) and the extinction map of Schlegel et al. (1998) . He found that the NH/AV ratio seems to correlate with NH toward the Galactic centre. To investigate the variation of NH/AV within our Galaxy, we plot the NH/AV ratio distribution projected on the Galactic longitudelatitude (l-b) plane and the Galactic disk in Figure 4 . There is no clear indication for a large-scale variation of NH/AV within the Galaxy. In Figure 5 we show the NH/AV ratio against (i) Rg, the distance away from the Galactic centre, (ii) z, the distance away from the Galactic plane, (iii) nH, the average line-of-sight number density of hydrogen, and (iv) NH. It is apparent that the NH/AV ratio does not show any systematic variation with Rg, z, nH or NH.
We also investigate the NH-AV relation for the inner Galaxy (the Galactic first/fourth quadrants) and outer Galaxy (the second/third quadrants) separately. We derive
for the first/fouth quadrants, and
for the second/third quadrants (see Figure 6 ). They are consistent within each other. In summary, we can safely conclude that the Xray derived NH/AV ratio is roughly a constant across the entire Galaxy. We should note that it has been well known that the abundances of heavy elements in our Galaxy increase toward the Galactic centre (e.g., see Rolleston et al. 2000) . Since AG89 assumed a uniform abundance for the ISM, at the Galactic centre NH could have been overestimated while at the outer Galaxy NH could have been underestimated. However, it is also well recognized that the dust grains in the Galactic centre could be much larger than that of the diffuse ISM (e.g., see Gao et al. 2010 , Shao et al. 2017 and the visual extinction on a per unit mass basis could be smaller. Therefore, even the Galactic centre is rich in dust-forming heavy elements and more heavy elements have been tied up in dust grains one does not necessarily expect a lower NH/AV .
The Gas-to-dust mass ratio
From the hydrogen-to-extinction ratio we can determine Mgas/M dust , the gas-to-dust mass ratio:
where µH is the atomic mass of hydrogen and κext(V ) is the Vband mass extinction coefficient (i.e., extinction cross section per dust mass). The coefficient, 1.4, arises from the contribution of helium. Taking κext(V ) from Li & Draine (2001) and Draine & Li (2007) , we obtain Mgas/M dust ≈ 140.
The gas distribution of the Galaxy
When both NH and D (the distance of the source to Earth) are known, we are able to study the distribution of the gas in the Galaxy. To this end, we enlarge the sample in Table 1 by including 74 SNRs with known NH (AG89 abundance) and D from the literature (see Table 6 ). The final sample includes 175 calibrators. Figure  7 shows the projection distribution of the sample on the Galactic plane.
The distribution of hydrogen away from the Galactic plane is usually described by one to three Gaussian and/or exponential functions, (e.g., see Bohlin (2011); (2) Aharonian et al. (2008b) radius 4 kpc and 8 kpc is given by Dickey & Lockman (1990) :
, where the midplane densities are nH,1(0) ≈ 0.395 cm −3 , nH,2(0) ≈ 0.107 cm −3 , and nH,3(0) ≈ 0.064 cm −3 , and the scale heights are h1 ≈ 90 pc, h2 ≈ 225 pc, and h3 ≈ 403 pc. A more recent study for the Galactic radius between 5 kpc and 35 kpc suggested that the HI scale hight varies with the distance away from the Galactic centre: h(Rg) ≈ 150 exp {(Rg − R0)/9800} pc, where R0 is the Galactic radius of the Sun (Kalberla & Kerp 2009) . Figure 8 shows NH sin(|b|) versus z. To avoid the influence of the Galactic bulge and wrap, we only make use of the data within 2 kpc < ∼ Rg < ∼ 10 kpc. We use a one-component Gaussian model, nH(z) = nH(0) exp −z 2 /2h 2 , to fit the data. The best-fit is given by nH(0) = 1.11 ± 0.15 cm −3 and h = 75.5 ± 12.4 pc (see Figure 8 ). Compared with that of Dickey & Lockman (1990) , our results suggest a larger midplane density and a sightly smaller scale height. This might be caused by the fact that the NH column densities adopted here are based on X-ray absorption data and contain the contribution of molecular and ionized ISM, while the 21 cm emission only presents atomic hydrogen. We are not able to estimate the scale heights of any other extended components, because the majority of our sample has z < 1000 pc.
The neutral hydrogen surface density is nearly constant within the Galactic radius of ∼ 12.5 kpc (Kalberla & Kerp 2009) . A mean surface density of ∼ 5 M pc −2 was given by Dickey & Lockman (1990) . More recently, Kalberla & Dedes (2008) argued for a surface density two times larger than that of Dickey & Lockman (1990) . Based on the best-fit nH(0) and h values, here we estimate a mean gas surface density of the Galaxy in the Galactic radius range of ∼ 2 kpc to ∼ 10 kpc to be gas ∼ 1.4 nH(0) × 2.4 h ≈ 7.0 M pc −2 . Due to the limited amount of data, we are not able to accurately determine the radial distribution of the midplane density, but only give an rough estimation of nH ≈ 4.33 ± 12.87 cm −3 for 2.0 kpc < Rg < 4.5 kpc, nH ≈ 1.15 ± 5.35 cm −3 for 4.5 kpc < Rg < 6.5 kpc, nH ≈ 1.18 ± 0.77 cm −3 for 6.5 kpc < Rg < 8.5 kpc, and nH ≈ 1.13±0.81 cm −3 for 8.5 kpc < Rg < 10 kpc. All regions are limited to |z| < 75 pc.
NH/AV from the W00 Sample
Since the X-ray-derived NH is sensitive to the abundances of heavy elements (relative to H), one could expect a higher NH/AV for the W00 sources of which NH is determined with subsolar abundances compared to that of the AG89 sources of which NH is determined with solar abundances. By fitting the whole W00 sample which include both SNRs and XBs, we indeed obtain a larger NH/AV :
We also obtain
for the SNRs of the W00 sample, and
for the XBs of the W00 sample. Again, the mean NH/AV ratio from SNRs differs from that of XBs by ∼ 34%. If we exclude three SNRs (G54.1+0.3, G116.9+0.2, and G184.6-5.8) which appear to be outliers, we derive
for the whole W00 sample. Similar to the AG89 sample, with the three SNR outliers excluded, the NH/AV of SNRs agree with that of XBs. We tabulate the best-fit results in Table 5 . The NH/AV derived here is smaller by ∼ 15% than that of Foight et al. (2016) who assumed subsolar abundances for 17 SNRs (see Table 3 ) and appreciably larger than most of those derived from HI and/or H2 UV absorption and HI 21 cm emission (see Tables 1,2) . Two factors might be responsible for the inconsistency. First, our sample is larger than previous ones and it includes 29 XBs which do not suffer the problem with which SNRs may be confronted (i.e., the measured NH and AV may not be for the same region. Second, the NH column derived from the UV absorption data of HI and/or H2 and the HI 21 cm emission data only counts neutral and/or molecular hydrogen, while the NH value determined from the X-ray absorption data includes atomic, molecular and ionic hydrogen.
With NH/AV ≈ 2.5 × 10 21 mag cm 2 H −1 , we estimate the The Galactic N H -A V Relation 13 Figure 10 . N H derived from subsolar abundances (W00) against N H derived from solar abundances (AG89).
gas-to-dust mass ratio to be Mgas/M dust ≈ 170, again, based on the mass extinction coefficient of Li & Draine (2001) and Draine & Li (2007) . As expected, the gas-to-dust mass ratio of the W00 sample exceeds that of the AG89 sample by ∼ 20%. In Figure 10 , we plot NH from the W00 sample against that from the AG89 sample. The fact that they are closely related with NH(W00)/NH(W00) ≈ 1.2 suggests that in future studies one may simply scale NH derived from subsolar abundances by a factor of ∼ 1.2 when converting to NH derived from solar abundances.
Caveats
Even though in our analysis we have tried our best to avoid systematic uncertainties (e.g., for SNRs adopting NH and AV determined from the same region if possible, excluding those XBs with intrinsic local X-ray absorptions), there may still be sources of potential uncertainty:
• Since we compile NH and AV from the literature, for some SNRs the adopted NH and AV may not be for the same region (e.g., SNR G132.7).
• Since a number of SNRs only have one or two measures of NH and/or AV , we are not able to take into account the uncertainties caused by spatial variations.
• For most SNRs, AV was measured from line ratios, e.g.,
Hα(6563Å)/Hβ(4861Å), [SII](∼10320Å)/[SII](∼4068Å), and [FII](∼16435Å)/[FII](∼12567Å). Taking the Balmer decrement
as an example, the intrinsic ratio of Hα/Hβ is commonly taken to be ∼ 3 under the "Case A" condition, in which the nebula is always optically thin even for Lyman-line photons. However, this may not be always true for SNRs. Previous studies have showed that Hα/Hβ could vary from ∼ 2.9 to ∼ 4.2 and even up to ∼ 6 (e.g., see Raymond 1979 , Shull & McKee 1979 , Ghavamian et al. 2001 ).
• For some XBs, the optical extinction was estimated by comparing the observed colour with the intrinsic colour derived from the stellar spectral type. However, if the optical flux contribution of the accretion disk or the absorption of the stellar wind is not negligible, the derived spectral type of the primary star may be incorrect and this may result in an incorrect AV (e.g., for EXO 0748-676, Schoembs & Zoeschinger (1990) estimated AV ≈ 1.3 ± 0.1 mag based on its stellar spectral type, while Pearson et al. (2006) estimated AV ≈ 0.48 ± 0.26 mag from the widths of the sodium doublet absorption lines).
SUMMARY
The NH-AV relation is explored based on the X-ray absorption data of a large AG89 sample of Galactic lines of sight toward 35 supernova remnants, 6 planetary nebulae, 70 X-ray binaries for which NH was derived with solar abundances, as well as a smaller W00 sample of 19 supernova remnants and 29 X-ray binaries for which NH was derived with subsolar abundances. For the AG89 sample, our principal results are as follows:
(i) We derive a mean hydrogen-to-extinction ratio of NH/AV = (2.08 ± 0.02) × 10 21 H cm −2 mag −1 for the whole Galaxy.
(ii) The X-ray-derived NH/AV ratio is generally constant across the Galaxy. It does not appear to correlate with nH (the line of sight mean number density of hydrogen), Rg (the distance away from the Galactic centre), and z (the distance above or below the Galactic plane). The NH/AV ratio derived for the 1st and 4th galactic quadrants ( NH/AV = (2.04 ± 0.05) × 10 21 H cm −2 mag −1 ) is consistent with that of the 2nd and 3rd galactic quadrants ( NH/AV = (2.09 ± 0.03) × 10 21 H cm −2 mag −1 ). (iii) We estimate a gas-to-dust mass ratio of Mgas/M dust ≈ 140 from NH/AV = 2.08 × 10 21 H cm −2 mag −1 . (iv) The distribution of hydrogen in the Galaxy is explored with the addition of an additional sample of 74 supernova remnants for which both NH and distances are known. It is found that, between the Galactic radius of 2 kpc to 10 kpc, the vertical distribution of hydrogen can be roughly described by a Gaussian function with a mid-plane density of nH(0) = 1.11 ± 0.15 cm −3 and a scale hight of h = 75.5 ± 12.4 pc. We also estimate a total gas surface density of gas ∼ 7.0 M pc −2 .
Similarly, for the W00 sample we derive NH/AV = (2.47 ± 0.04) × 10 21 H cm −2 mag −1 for the whole Galaxy which is higher by ∼ 20% than that of the AG89 sample. We also find that NH derived from subsolar abundances exceeds that from solar abundances by ∼ 20%, suggesting that in future studies one may simply scale NH of subsolar abundances by a factor of ∼ 1.2 when converting to NH of solar abundances. We convert the measured Balmer decrement to extinction using A V ≈ 1 0.331 × log Hα 3Hβ × 0.664 × 3.1 (Mavromatakis et al. 2004a) .
b : The distances are estimated based on A V and the extinction maps of Marshall et al. (2006) , Sale et al. (2014) and Green et al. (2014) .
